Two hundred genes or 3% of the known or putative protein-coding genes of the filamentous freshwater cyanobacterium Anabaena sp. PCC 7120 encode domains of ATP-binding cassette (ABC) transporters. Detailed characterization of some of these transporters (14-15 importers and 5 exporters) has revealed their crucial roles in the complex lifestyle of this multicellular photoautotroph, which is able to differentiate specialized cells for nitrogen fixation. This review summarizes the characteristics of the ABC transporters of Anabaena sp. PCC 7120 known to date.
INTRODUCTION
Cyanobacteria form a large phylum of Gram-negative prokaryotes that existed already at least 2.5 billion years ago. These unicellular or multicellular organisms were the first to carry out oxygenic photosynthesis and played an important role in the evolution of the life on Earth. Several cyanobacterial species are able to fix atmospheric nitrogen in the absence of a combined nitrogen source in their environment. Because the nitrogen-fixing enzyme nitrogenase is highly sensitive to oxygen, N 2 fixation and photosynthesis must somehow be separated. Some species temporally separate photosynthesis and nitrogen fixation, while several filamentous cyanobacteria have developed specialized cells for this purpose, the heterocysts, which harbor the nitrogenase complex and protect it from oxygen by providing a micro-oxic environment (Wolk, Ernst and Elhai 1994; Adams and Duggan 1999; Maldener, Summers and Sukenik 2014) .
The filamentous heterocyst-forming cyanobacterium Anabaena sp. PCC 7120 of the order Nostocales is one of the most studied strains of filamentous cyanobacteria and serves as a model organism for prokaryotic cell differentiation. Under nitrogen-deplete conditions, heterocysts differentiate from 5% to 10% of the vegetative cells in a semi-regular pattern within the trichome (filament). Upon maturation, heterocysts fix atmospheric N 2 and supply its combined forms to all vegetative cells of the species. In turn, heterocysts, which are no longer able to assimilate CO 2 , obtain organic molecules, such as sucrose and glutamate, from vegetative cells (Wolk, Ernst and Elhai 1994; Maldener, Summers and Sukenik 2014) . Nutrients and other molecules move between cells within a trichome through cellcell connections-the septal junctions, which traverse the septal cell wall through nanopores (Mullineaux et al. 2008; Lehner et al. 2013; Omairi-Nasser, Haselkorn and Austin 2014; Nürnberg et al. 2015; Flores et al. 2016; Bornikoel et al. 2017) . To create internal micro-oxic conditions, a differentiating heterocyst needs to alter the structure and physiology of the vegetative cell from which it arises. It inactivates photosystem II, actively launches respiration, and forms additional cell envelope layers. These include an inner laminated glycolipid layer, which protects against gas penetration, and a thick homogeneous polysaccharide layer, which mechanically supports the glycolipid layer (Wolk, Ernst and Elhai 1994; Maldener, Summers and Sukenik 2014) . The additional layers are missing inside the septum between vegetative cells and heterocysts, which is narrowed and by this reducing the diffusion of gases (Walsby 2007) .
Similar to other bacteria, in Anabaena sp. PCC 7120, ATPbinding cassette (ABC) importers are involved in obtaining various nutrients, small chemicals and metal ions. ABC exporters participate in developmental signal transmission and the formation of additional layers of the cell envelope (CorralesGuerrero, Flores and Herrero 2014; Hahn and Schleiff 2014; Maldener, Summers and Sukenik 2014) .
ABC transporters represent one of the largest protein families and are widely distributed among all kingdoms of life (Bacteria, Archaea and Eukarya), which indicates that these transport systems already existed in the last universal common ancestor before the three kingdoms separated (Davidson et al. 2008) . Several excellent review articles are describing the different aspects of these primary transporter systems (Higgins 1992; Dawson and Locher 2006; Davidson et al. 2008; Jones, O'Mara and George 2009; Rees, Johnson and Lewinson 2009; Beek, Guskov and Slotboom 2014; Wilkens 2015; Locher 2016) . We restrict our focus on some general aspects in this short overview. All of these transporters contain a highly conserved domain that couples ATP hydrolysis to translocation of a substrate across the cell membrane against a concentration gradient. ABC transporters were first described in bacteria, where they import essential micronutrients or export a great variety of compounds, including toxins and drugs (Higgins 1992; Davidson et al. 2008; Rees, Johnson and Lewinson 2009) . In eukaryotes, only ABC exporters play a role in multidrug resistance as cytotoxic drug export systems, as well as in other important physiological processes, and are involved in the course of several human inherited diseases (Higgins 1992; Rees, Johnson and Lewinson 2009) .
Functionally, the ABC transporter systems can be divided in three groups. Members of the first group import diverse substances in prokaryotes, including peptides, amino acids, mono-and oligosaccharides, ions, metals and vitamins. The second group comprises exporters of substrates such as lipids, polysaccharides, peptides and proteins, including toxins and virulence factors. Members of the third group do not transport substances in either direction, but instead play a role in DNA repair and translation of mRNA (Davidson et al. 2008) .
All ABC transporters have a common structure consisting of two transmembrane (TM) domains and their two associated hydrophilic ATPase (nucleotide binding) domains located in the cytoplasm (Fig. 1A ) (Dawson and Locher 2006; Rees, Johnson and Lewinson 2009; Beek, Guskov and Slotboom 2014) . The TM and ATPase domains, as well as two ATPase domains of some transporters are encoded by the same gene, whereas in others, these domains are encoded by separate genes (Jones, O'Mara and George 2009; Beek, Guskov and Slotboom 2014) . Importers of Gram-negative bacteria usually have a periplasmicbinding protein that catches the substrate and delivers it to the TM domain of the transporter (Higgins 1992; Jones, O'Mara and George 2009) . In almost all cases, the tertiary structure of the ATPase domains are significantly conserved (Beek, Guskov and Slotboom 2014) .
The mechanism of action of ABC transporters is based on conformational changes in the ATPase and TM domains driven by ATP hydrolysis. In the ATPase domain, ATP binding and hydrolysis involves several conserved sequence motifs, including Walker A (also called P-loop) and Walker B motifs, which leads to dimerization and conformational changes. The changes in the ATPase cause the loop of the associated TM domain to move, which in turn results in conformational changes in TM helices that lead to a switch from the closed state to the open state, which carries the substrate across the membrane. After ATP hydrolysis, the ATPase dimer is no longer stable, and the TM domains return to their closed state (Dawson and Locher 2006; Davidson and Maloney 2007; Jones, O'Mara and George 2009; Rees, Johnson and Lewinson 2009; Wilkens 2015) .
A set of ABC transporters has been characterized in Anabaena sp. PCC 7120 to play roles in the complex lifestyle of this organism, and a number of genes encoding domain orthologs of ABC transporters of unconfirmed function have been identified. In the following, we will review the available information on the ABC transporters of Anabaena sp. PCC 7120.
THE ABUNDANCE OF ABC TRANSPORTER GENES IN THE GENOME
According to Cyanobase (http://genome.microbedb.jp/CyanoBase), the Anabaena sp. PCC 7120 genome carries 187 open reading frames (ORFs) encoding ABC transporter domains. This is almost two-thirds of the 313 genes encoding transport and binding proteins and roughly 3% of the total genome (Kaneko et al. 2001) . This number includes 91 (1.5%) ATP-binding domains, 51 (0.8%) permeases (TM domains) and 38 (0.6%) periplasmic substrate-binding proteins. In addition, seven DevB-homologue membrane fusion protein-encoding genes can be predicted from the genome, which are likely components of ABC exporters, as shown for two of them (described below; Fig. 1 ). In comparison to other prokaryotes, Anabaena sp. PCC 7120 does not show a significant difference in the relative number of ABC transporters in the genome, but some of them are specifically involved in the establishment of the multicellular organism, as described in the following section.
ABC TRANSPORTERS ESSENTIAL FOR HETEROCYST DEVELOPMENT AND DIAZOTROPHIC GROWTH OF ANABAENA SP. PCC 7120

ABC exporters
ABC transporters are involved in the early regulation of heterocyst differentiation of Anabaena sp. PCC 7120. In a mutant unable to form mature heterocysts, differentiation is arrested in an early state of nonfunctional proheterocysts (Khudyakov and Wolk 1997; Corrales-Guerrero, Flores and Herrero 2014) . The predicted product of the mutated gene, hetC, shows a high similarity to the HlyB family of ABC protein exporters (Khudyakov and Wolk 1997) . Expression of hetC depends on both the cyanobacterial nitrogen transcription regulator NtcA and the master regulator of heterocyst development, HetR (Buikema and Haselkorn 1991; Khudyakov and Wolk 1997; Muro-Pastor et al. 1999) . The hetC gene is mostly expressed in differentiating mature heterocysts and localizes to their polar regions, as shown in experiments with green fluorescent protein constructs (Xu and Wolk 2001; Corrales-Guerrero, Flores and Herrero 2014) . The HetC ABC transporter is necessary for the export of negative regulators of heterocyst differentiation, PatS and HetN, which move from (pro-) heterocysts to neighboring vegetative cells along the trichome (Corrales-Guerrero, Flores and Herrero 2014; Videau et al. 2015) .
A crucial step during heterocyst differentiation is the deposition of additional envelope layers around a heterocyst. The product of the devA gene shows high sequence similarity to ATP-binding cassettes of ABC transporters. A devA mutant produces immature heterocysts that lack the glycolipid layer and cannot fix nitrogen. Mutants in two upstream genes of the same operon, devB and devC, have the same phenotype. DevB has sequence similarity to membrane fusion proteins, and DevC has sequence similarity to TM proteins of ABC transporters. The expression of the devBCA operon is dependent on NtcA and restricted to developing heterocysts (Maldener et al. 1994; Fiedler et al. 1998 Fiedler et al. , 2001 Staron, Forchhammer and Maldener 2011) . Interestingly, mutants defective in ORF all2887, which encodes an outer membrane β-barrel protein of the TolC family that is upregulated in heterocysts, also cannot form mature heterocysts with a glycolipid layer, and was hence named HgdD (heterocyst glycolipid deposition protein D) (Maldener, Hannus and Kammerer 2003; Moslavac et al. 2007 ). Nevertheless, mutants in devA, devB, devC or hgdD are able to synthesize heterocyst-specific glycolipids, but these are not deposited in the envelope as a laminated layer. The hypothesis that DevBCA and TolC-like HgdD proteins form a type 1 secretion system was confirmed by showing that the proteins interact and that they hydrolyze ATP in the presence of heterocyst glycolipids in vitro. The phenotype of the mutants and the results of in vitro studies of the proteins indicate that DevBCA-HgdD is an ABC exporter of heterocyst-specific glycolipids (Fig. 1B) (Staron, Forchhammer and Maldener 2011) . The promiscuous TolC-like protein HgdD has other functions besides those in heterocyst formation. With different transporter systems, it takes part in the efflux of toxins, antibiotics (e.g. erythromycin), ethidium bromide and proteins (Hahn et al. , 2015 .
A cluster of genes (ORFs all5347/all5346) homologous to the devBC genes is also involved in heterocyst differentiation, namely in correctly depositing the glycolipid layer, as shown in a study of transposon mutants . Several other ABC exporters that are probably involved in heterocyst differentiation and diazotrophic growth of Anabaena sp. PCC 7120 have been identified, namely the putative polysaccharide transporter All4388/All4389 and the DevBCA-like ABC transporter All0809/All0808/All0807. These putative transporters are essential for heterocyst differentiation or diazotrophic growth, but their substrates have not yet been elucidated (Maldener, Hannus and Kammerer 2003; Staron and Maldener 2012) .
Anabaena sp. PCC 7120 uses another ABC transporter for the deposition of the outer polysaccharide layer around the heterocyst, HepA (Alr2835) (Holland and Wolk 1990; Zhu, Kong and Wolk 1998) . HepA shows greatest sequence similarity to MsbA, the ABC transporter of lipid A in Escherichia coli . The substrate of HepA is not known, but the gene is expressed early during heterocyst differentiation and is dependent on the HepK/DevR two-component system and the HepC protein (Zhu, Kong and Wolk 1998) .
ABC importers
Several ABC transporters of Anabaena sp. PCC 7120 translocate amino acids through the cell membrane. This is surprising because this species can assimilate NO 3 − and NH 4 + and even fix atmospheric nitrogen, and amino acids would therefore not be needed as a nitrogen source. Perhaps some of these transporters play a role not only in the uptake of amino acids but also in the transport of amino acids between cells in a trichome. This latter possibility would be of special importance when cells fix nitrogen because the product of nitrogen fixation, presumably amino acids, would have to be transferred from the heterocyst to the vegetative cells of the trichome. The cyanobacterium has several low-and high-affinity transport systems for basic, acidic and neutral amino acids (Herrero and Flores 1990; Montesinos, Herrero and Flores 1995; Picossi et al. 2005; Pernil et al. 2008 Pernil et al. , 2015 . Two amino acid transporters are important for diazotrophic growth (Picossi et al. 2005; Pernil et al. 2008) . More than 98% of amino acid uptake is carried out by three ABC transporters. N-I transports the majority of the hydrophobic proteinogenic amino acids and others, N-II transports acidic and neutral polar amino acids, and Bgt is a high-affinity basic amino acid transporter. N-I is located in vegetative cells, whereas N-II and Bgt are found in both heterocysts and vegetative cells; only N-I and N-II assist diazotrophic growth (Picossi et al. 2005; Pernil et al. 2008 Pernil et al. , 2015 . Anabaena sp. PCC 7120 also carries other amino acid transporters of lower specificity. For example, N-III mediates the uptake of glycine and hydrophobic amino acids, or other transporters outside the ABC transporter family translocate amino acids (Pernil et al. 2015) . Interestingly, the SepJ protein, which is involved in septal junction complexes and molecule exchange between cells in Anabaena sp. PCC 7120 trichomes, stimulates the activity of at least the N-II transporter, and conversely, the N-II amino acid transporter plays a role in SepJ-related intercellular transport of metabolites (Escudero, Mariscal and Flores 2015) . Molybdenum is important for heterocyst function and diazotrophic growth as it, along with iron, is part of the cofactor of nitrogenase. In Anabaena variabilis ATCC 29413, which is closely related to Anabaena sp. PCC 7120, molybdate is taken up by the high-affinity transporter ModABC (Zahalak et al. 2004 ). This species can form an alternative V-nitrogenase, in which molybdenum is replaced by vanadium. To obtain vanadium, A. variabilis ATCC 29413 uses the vanadate ABC transporter VupABC (Pratte and Thiel 2006) . Genes with high sequence similarity to those encoding the molybdate transporter have been identified in the genome of Anabaena sp. PCC 7120, which lacks a V-nitrogenase.
Recently, additional ABC transporter domains were identified, which are important for diazotrophic growth of Anabaena sp. PCC 7120. Five components of glucoside ABC transporters, GlsC (a nucleotide binding domain), GlsP (a permease), GlsQ (a permease), GlsD (a nucleotide binding domain) and GlsR (a periplasmic substrate-binding protein), participate in the uptake of sugars; GlsC influences subcellular localization of the septal junction protein SepJ, and GlsP with GlsQ affect function of the septal junctions. By this, these ABC transporter contribute to nutrient exchange between heterocysts and vegetative cells and therefore to diazotrophic growth. The precise number of ABC transporters formed by the identified domains is not clear so far Nieves-Morión and Flores 2017) .
ABC TRANSPORTERS IN ANABAENA SP. PCC 7120 THAT ARE NOT SPECIFIC FOR DIAZOTROPHIC GROWTH
Cyanobacteria, as photosynthetic bacteria, have a high requirement for various metals as cofactors of electron-transport components. To satisfy this demand, Anabaena sp. PCC 7120 uses various metal transporters, including several iron-uptake systems. The cyanobacterium normally secretes siderophores (mostly schizokinen) into the extracellular space to chelate iron and then transports the siderophore-iron complex inside. Various types of transporters are involved in these processes, but we will focus only on ABC transporters. At least three ABClike transporter gene clusters present in the cyanobacterium play a role in iron uptake, namely fhuBCD, futABC and fecBCD (Nicolaisen et al. 2008; Stevanovic et al. 2012; Rudolf et al. 2015) . These gene clusters also have several homologs that participate in iron homeostasis (Stevanovic, Lehmann and Schleiff 2013) . Fhu-like systems mainly transport Fe-schizokinen, whereas other systems apparently have another substrate (Rudolf et al. 2015 (Rudolf et al. , 2016 . Both iron homeostasis and iron uptake via ABC transporters are regulated by the DNA-binding FurA protein (Hernández et al. 2004; González et al. 2012) .
Anabaena sp. PCC 7120 also contains several zinc transporters. The expression of the genes encoding AzuABC (homologous to ZnuABC of E. coli) is regulated by Zur (zinc uptake regulator) proteins (Napolitano et al. 2012) .
Several other ABC transporters in Anabaena sp. PCC 7120 are responsible for the transport of various metabolites. The ABC transporter NrtABCD is a nitrate and nitrite carrier. Although it is normally used during growth in the presence of nitrate in the medium, its genes are activated upon nitrogen deprivation to allow uptake of alternative nitrogen sources with preference over nitrogen fixation (Cai and Wolk 1997; Frias, Flores and Herrero 1997) . This is also true for the genes encoding a urea ABC transporter (urtABCDE), which are activated upon nitrogen limitation (Valladares et al. 2002) . Promoter of the putative phosphate ABC transporter PST is active under phosphate starvation conditions (Muñoz-Martín et al. 2011) . The gene cluster alr2877-alr2880 encodes a bicarbonate ABC transporter, which is upregulated upon carbon starvation, but is surprisingly even further upregulated as nitrogen is withdrawn (López-Igual et al. 2012) .
CONCLUSIONS
Anabaena sp. PCC 7120 has numerous ABC transporters for various functions (14-15 ABC importers and 5 exporters) and their substrates and direction of transport are schematically summarized in Fig. 2 . Some ABC transporters are essential for heterocyst differentiation and function, while others are needed for purposes not related to diazotrophic growth. Approximately 3% the genome of Anabaena sp. PCC 7120 encode putative ABC transporters, many without a known substrate. Less than half of the predicted ABC transporters in this organism have been characterized so far. More studies are needed to elucidate the functions of these putative transporters and the biochemical and structural features of already known transporters. Like in unicellular cyanobacteria, e.g. Synechocystis PCC 6803 or Synechococcus elongatus PCC 6301, the number of predicted ABC transporter genes in Anabaena sp. PCC 7120 does not significantly differ from the percentage in heterotrophic bacteria. This is interesting, since the photoautotrophic cyanobacteria do not rely on the uptake of organic nutrients, as heterotrophic bacteria do. In the morphological complex species, several transporters are especially essential for its multicellular lifestyle with sophisticated cell differentiation and the ability to adapt to different nutrient conditions in its frequently changing aquatic environment.
